In order to contribute to the development of first wall/blanket structural materials in nuclear fusion reactors, we have assessed the influence of nuclear-transmutational helium, which is widely known to often induce grain boundary embrittlement at high temperatures, on fatigue properties of a candidate reduced-activation martensitic steel, IEA (International Energy Agency) version of F82H (Fe-8%Cr-2%W-0.2%V-0.04%Ta). Utilizing -particles from an accelerator, helium was introduced into specimens at 823 K to a concentration of about 100 appmHe. Through the subsequent fatigue tests at the same temperature, it has been demonstrated that both fatigue life and gauge extension to failure were not significantly deteriorated by helium. The appearance of fracture surfaces remained perfectly ductile and transgranular after helium implantation and no indication of grain boundary decohesion was detected. These results would reflect prominent resistance to the heliumembrittlement in this kind of steel and suggests their potential for future fusion applications.
Introduction
Neutronic generation of radio-active nuclides has been recognized as a crucial material problem in the field of nuclear fusion technology from the viewpoint of waste management, environmental safety and public acceptance. It is especially important in case of advanced systems, that is, a prototype reactor and the beyond, because much higher neutron doses should be exerted in these reactors by comparison with an experimental one like ITER (International Thermonuclear Experimental Reactor), which is now about to enter a construction phase. The activation occurs most extensively in structural materials employed for first wall/blanket structures. Accordingly, particularly great effort has been paid to reducing the amount of activation in those materials. At the same time they must withstand severe fusion environments, such as heavy irradiation of high energy neutrons, and keep material integrity.
For developing the materials which meet the demands stated above, many investigations have been conducted and some candidate materials were proposed. Among them, a family of reduced activation martensitic steels (Fe-Cr-W-VTa) is now evaluated as a most promising one, mainly due to its maturity from the industrial standpoints.
1)
The purpose of this work is to clarify the influence of nuclear-transmutational helium on fatigue properties of a representative reduced activation martensitic steel and, more ultimately, to obtain information useful for feasibility evaluation for the advanced fusion application. Helium is produced in materials as a result of (n, ) reactions and often degrades high temperature mechanical properties by inducing intercrystalline separation. Long term tests are especially critical since detrimental helium effects are more liable to be revealed in these tests relative to the short time examinations like tensile ones as formerly established. [2] [3] [4] [5] [6] Available data concerning fatigue at high temperatures where helium embrittlement may occur are still insufficient for those steels in spite of increasing research activities in the lower temperature range. [7] [8] [9] [10] The present report covers tests with a concentration of 100 appmHe, which is roughly an order of magnitude lower than the maximum accumulation in the power reactor. The work will be extended to 1000 appmHe experiments.
Experimental Procedures
The material studied is the IEA (International Energy Agency) modified version of F82H reduced activation ferritic/martensitic steel 11) with a chemical composition indicated in Table 1 . It was prepared for the international round-robin test 12) organized by the agency. Plates of 1.2 mm thick were spark-cut from 25 mm thick stocks of this steel supplied by NKK Corporation. After an intermediate anneal at 1053 K for 7.2 ks and subsequent cold rolling to final thickness of 80 mm, fatigue test pieces with dimensions given in Fig. 1 were formed through die-stamping. The unusual small thickness of the samples is due to the projectile range of -particles as will be explained later. Final heat treatments consisting of normalizing (1213 K, 1.8 ks) and tempering (1023 K, 3.6 ks) were given to the samples and resulted in fully martensitic structure with an austenite grain size of 13:4 AE 0:7 mm (mean intercept distance) as shown in Fig. 2 . The choice of fine grain size is inevitable because more than Table 1 Chemical analysis of F82H steel IEA heat employed in this experiment (mass%). few grains are needed in every direction of the gauge section to assess mechanical properties of bulk materials using thin specimens. [13] [14] [15] All heat treatments were conducted in a vacuum better than 1:4 Â 10 À4 Pa and followed by argon gas quenching.
In order to simulate transmutational helium production in the reactor, helium injection was carried out using a 20 MeV -beam from the NRIM compact cyclotron. Figure 3 gives a schematic illustration of the irradiation setup in the target chamber. Energy of incident ions was moderated using an energy degrader consisting of 32 Al-foils with different thicknesses so as to achieve homogeneous helium deposition throughout the specimen depth. In addition, the beam was scanned in vertical and horizontal directions. The temperature of specimens during irradiation was measured with two chromel-alumel thermocouples spot-welded on a dummy plate situated in the middle of the irradiated area. To compensate the temperature change due to fluctuation of the beam, an infra-red gold-image heater with rapid response was utilized for temperature control. The amount of implanted helium was estimated from the measured target current.
Helium was injected into specimens to a content of about 100 appm with an implantation rate of around 1:7 Â 10 À3 appm/s in a vacuum at 823 K, a desired upper temperature limit of this steel for fusion use. Throughout the injection, temperature fluctuation was suppressed within 3 K and the difference of readings between left and right thermocouples (see, Fig. 3 ) was less than 20 K even in the worst instance.
Fatigue tests after helium implantation were performed also at 823 K in vacuum environment using fatigue testing machine illustrated in Fig. 4 . The tests were conducted in a stress-control mode with triangular wave of amplitudes between 113-70 MPa at a frequency of 0.05 Hz. The average stress corresponds to creep rupture strength at 3.6 Ms (209 MPa) of this material. The deviations of load and temperature from nominal values were maintained less than 3 MPa and 1 K, respectively. The extension of the specimen was monitored in a high accuracy of several micrometers with two linear variable differential transformers, each connected to a rotary encoder. Judging from the previous reports, 16, 17) almost all helium atoms injected are expected to be retained in the specimen till the end of fatigue tests. Same fatigue tests have been carried out for the control specimens which were not irradiated but underwent an annealing to give the thermal exposure during implantation. The fracture surface was examined under SEM (Scanning Electron Microscope) chiefly to determine the type of failure.
Results and Discussion
Figure 5 compares representative readings of the maximum gauge extension in each fatigue cycle versus number of cycles for helium-injected and uninjected specimens tested in the same conditions. All curves in the figure, irrespective of whether helium was contained or not, exhibited features typical of dynamic creep curves, such as relatively large initial strain and smaller elongation in the tertiary regime in contract to the case of simple creep experiments. With respect to helium effect, the difference between the heliumdoped and the helium-free curves was rather small and deformation behavior seems to have been hardly affected by helium introduction. This aspect is described more clearly in Fig. 6 , in which ordinary S-N relations are presented for all specimens tested. Though the data points were somewhat scattered primarily owing to the usage of miniature size samples, no meaningful discrepancy was noticed between the fatigue life of helium bearing material and that of non-irradiated one. The fatigue life ratios between helium injected and uninjected specimens tested in the same fatigue conditions were 1.03, 0.73 and 1.22. They fell within the ordinary variation (factor 2) for creep rupture data of miniaturized thin specimens. 18) The related extension to failure is summarized in Fig. 7 , also as a function of the number of cycles to failure. Despite the gradual increasing trend with increasing fatigue life, the extension to failure seems to have lain within the variation of ordinary experimental errors, regardless of whether helium was present or not. The average values of the extension were estimated to be (0:82 AE 0:17) mm and (0:67 AE 0:17) mm for the 2 confidence limit in helium injected and free conditions, respectively. Besides, its fractions between the two conditions were evaluated to be 1.1, 1.5 and 1.1 and practically within the resolution for tests using miniature samples as stated above. 18) Hence, no significant helium effect was perceived in respect to extension to failure.
The general appearances of fractured surfaces for implanted and unimplanted conditions are exemplified in Fig. 8 . As seen in the figure, all the specimens both with and without helium failed in a perfectly intragranular and ductile manner accompanying dimple and knife-edge features. Therefore, helium brought about no implication of intergranular decohesion. Although it has been pointed out in previous literature [19] [20] [21] that helium reduces the tendency of necking in ductile fracture surfaces besides promoting intercrystalline separation, such a suppressing effect did not appear in the present case, just like the preceding creep tests done on the same material. 22) Thus, F82H-IEA heat material demonstrated its good tolerance against helium-induced mechanical degradation in the range of present fatigue experiments. This fact, together with former results on creep properties, 23) suggests that this kind of materials could withstand high temperature helium embrittlement for long time service in the fusion reactor. The superior resistance mentioned above should be, at least, partly attributed to the suppression of helium bubble growth to super-critical sizes through extensive introduction of bubble nucleation sites like lath boundaries, as suggested by the analysis on bubble microstructures. 24) 
Conclusion
Fatigue tests at 823 K were performed for the IEA-heat of reduced activation ferritic/martensitic steel, F82H, after hot helium injection (T impl. ¼ 823 K, C He ¼ 100 appm). The major results obtained are:
(1) Helium introduction caused effectively no deterioration, at least, on basic fatigue properties (number of cycles and gauge extension to failure). (2) All the samples including helium implanted ones fractured in a completely transcrystalline and ductile manner, and grain boundary separation induced by helium was not observed at all.
